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Amorphous Boron Nitride: A Universal, Ultrathin Dielectric

For 2D Nanoelectronics

Nicholas R. Glavin,* Christopher Muratore, Michael L. Jespersen, Jianjun Hu,
Phillip T. Hagerty, Al M. Hilton, Austin T. Blake, Christopher A. Grabowski,
Michael F. Durstock, Michael E. McConney, Drew M. Hilgefort, Timothy S. Fisher,

and Andrey A. Voevodin

Next-generation nanoelectronics based on 2D materials ideally will require
reliable, flexible, transparent, and versatile dielectrics for transistor gate
barriers, environmental passivation layers, capacitor spacers, and other
device elements. Ultrathin amorphous boron nitride of thicknesses from

2 to 17 nm, described in this work, may offer these attributes, as the material
is demonstrated to be universal in structure and stoichiometric chemistry

on numerous substrates including flexible polydimethylsiloxane, amorphous
silicon dioxide, crystalline Al,O;, other 2D materials including graphene, 2D
MoS,, and conducting metals and metal foils. The versatile, large area pulsed
laser deposition growth technique is performed at temperatures less than
200 °C and without modifying processing conditions, allowing for seamless
integration into 2D device architectures. A device-scale dielectric constant of
5.9 £ 0.65 at 1 kHz, breakdown voltage of 9.8 £ 1.0 MV cm™', and bandgap of
4.5 eV were measured for various thicknesses of the ultrathin a-BN material,
representing values higher than previously reported chemical vapor depos-

TaS,), and semiconducting (e.g., MoS,,
WS,) 2D materials are being rapidly
advanced  for  next-generation 2D
devices,["% ultrathin and high strength
dielectric materials for transistor gates,
capacitors, memory devices, and barrier
layers for electrical and ambient environ-
ment isolation are far less developed. This
circumstance is primarily a result of the
fundamental challenge in synthesis of
ultrathin insulating materials at moderate
temperatures (<900 °C) needed for direct
growth over large lateral dimensions.”! In
silicon-based electronics, silicon dioxide
(SiO,) has proven to be an ideal dielec-
tric material due to the large band gap
(9 eV), well-matched interfacial proper-
ties with silicon, and simple, repeatable

ited h-BN and nearing single crystal h-BN.

1. Introduction

Applications for 2D materials and their heterostructures
in fields such as communications, high speed computing,
sensing, and energy harvesting are currently limited by the
absence of direct and repeatable synthesis methods for cost
effective device fabrication. While conducting (e.g., graphene,

processing. Synthesis routes including
thermal decomposition of Si®l and plasma
enhanced chemical vapor deposition
(PECVD) have been extensively studied
and are now routine industrial operations. While integration
of SiO, on silicon-based devices is commonplace, synthesis of
ultrathin dielectrics with interfacial characteristics suitable for
use with diverse (i.e., electrically insulating and conducting)
2D materials, without compromising unique 2D benefits such
as optical transparency and mechanical flexibility, is critical for
realization of flexible electronic devices and other premium

N. R. Glavin, Dr. M. L. Jespersen, Dr. J. Hu, P. T. Hagerty,

Dr. A. M. Hilton, A. T. Blake, Dr. C. A. Grabowski, Dr. M. F. Durstock,
Dr. M. E. McConney, D. M. Hilgefort

Materials and Manufacturing Directorate

Air Force Research Laboratory

Wright-Patterson AFB

OH 45433, USA

E-mail: Nicholas.Glavin.1@us.af.mil

N. R. Glavin, Prof. T. S. Fisher

School of Mechanical Engineering and Birck Nanotechnology Center
Purdue University

West Lafayette, IN 47907, USA

Prof. C. Muratore

University of Dayton

Dayton, OH 45409, USA

DOI: 10.1002/adfm.201505455

Dr. M. L. Jespersen, Dr. J. Hu, P. T. Hagerty,
D. M. Hilgefort

University of Dayton Research Laboratory
Dayton, OH 45409, USA

Dr. A. M. Hilton

Wyle Laboratories

Dayton, OH 43433, USA

Dr. C. A. Grabowski

UES Inc.

Dayton, OH 45432, USA

Prof. A. A. Voevodin

Materials Science and Engineering
University of North Texas

Denton, TX 76203, USA

2640  wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1
Distribution A. Approved for public release (PA): distribution unlimited.

Adv. Funct. Mater. 2016, 26, 2640-2647


http://doi.wiley.com/10.1002/adfm.201505455

s
Mot oS
www.MaterialsViews.com

areas of nanotechnological innovation. Atomic layer deposition
of HfO,*1% and Al,0;,M thermal activated growth of h-BN by
CVD, and other alternatives to SiO, are some of the recently
reported direct-growth approaches that suffer from signifi-
cant scaling, process tuning, and pinhole-free uniformity
challenges.

Ultrathin boron nitride films are especially attractive as a
candidate dielectric material in 2D material systems. In the
crystalline hexagonal form (h-BN), the boron nitride sheet is
isostructural to that of graphene, differing in lattice spacing by
only 1.8%.1'2 In contrast to graphene, the mainly ionic nature
of the B—N bond results in a wide band gap near 5 eV, which
is consistent among the amorphous, hexagonal, and cubic allo-
tropes of BN.I'3-1% The chemical and structural stability of BN
at high temperatures!'’] make synthesis of continuous, high
quality crystalline hexagonal or cubic BN phases over appre-
ciable lateral dimensions a challenge. In addition, the recent
desire for mono- or few-layer h-BN in high speed electronic
devices has proven difficult, as the hexagonal phase is the
higher temperature phase of BN.[!8]

Chemical vapor deposition (CVD) is the most widely used
direct synthesis method, suitable for use over large areas,
of ultrathin h-BN,[¥ and involves thermal decomposition of
boron- and nitrogen-containing precursor gases on a heated
substrate. Using this method, monolayer h-BN was first synthe-
sized at high temperatures (typically > 900 °C) in isolated trian-
gularl?02ll or hexagonall??l domains with characteristic lengths
of a few micrometers on transition metal foils including
Cu 1?23 Ni,’Yl and later, others.?>=?! Prior studies reveal that
the thermally activated CVD processes for high quality, 2D h-BN
growth are strongly substrate-dependent, and require substan-
tial tailoring to accommodate the full range of chemical reac-
tivities and surface energies of the substrate material. Recent
progress in direct growth methods of h-BN has been reported
on insulating Al,0; (0001) and conducting Si (111) using a two-
step process of pregrowth annealing at 1000 °C followed by the
decomposition of polyborazylene precursor, representing a key
advance in few-layer h-BN growth prospects.3% Ideally, a versa-
tile synthesis route that facilitates nucleation and coalescence
of continuous ultrathin BN insulating films on all electronic
materials of interest (metal, ceramics, polymers, graphene,
and other 2D materials) at temperatures <200 °C, without the
requirement of tuning the deposition conditions for every sub-
strate of interest, would facilitate simple integration of ultrathin
dielectrics into 2D devices.

www.afm-journal.de

2. Results and Discussion

For both conducting and semiconducting 2D materials, well-
ordered structure is essential to obtain the desired electronic,
optical, and mechanical properties, as these are dictated by the
anisotropy of interatomic bonding arrangements and electron
density distributions, which are unique for such 2D mate-
rials. This structural anisotropy could be much less essential,
however, for wide bandgap materials with no electrons in the
conduction band, such as BN. Thus, if (a) atomic order is not
necessary to obtain the desired dielectric properties for ultrathin
insulating materials based on BN, and (b) the film growth can
be activated by nonthermal means, then the synthesis tempera-
tures can be reduced to allow for direct, large area growth and
thus to enable flexible cost-effective 2D device production. The
approach described here utilizes a low temperature (<200 °C)
pulsed laser deposition (PLD) of ultrathin BN dielectric films as
a universal means of direct growth of pinhole-free, few-nano-
meter-thick and high dielectric strength films on a number of
metal, ceramic, and polymer substrates as well as on the sur-
face of 2D materials including graphene and few-layer MoS,.

Table 1 compares physical properties of various insulating
BN materials (from bulk to ultrathin) to that of thermally
grown SiO,. Bulk amorphous boron nitride is characterized
by predominantly sp? bonding, is transparent and insulating,
and is typically used as an intermediate layer in ¢-BN synthesis
processes in prior works.'331 The reported measured elec-
tronic properties of these thin film a-BN (films with thickness
>600 nm) are nearly identical to thermal activated growth of
h-BN by CVD, in terms of measured dielectric strength, die-
lectric constant, and bandgap energy values (see Table 1). The
amorphous material possesses a density similar to the crystal-
line phases, and retains much of the valued chemical inert-
ness and high thermal stability characteristics of its hexagonal
counterpart. The electronic properties of a-BN where the device
measurements were made (6 and 17 nm) described throughout
this work are reported in the final column of Table 1 and will be
discussed later.

Amorphous boron nitride with a controllable thickness
of 2-17 nm was synthesized using a pulsed laser deposition
method optimized for ultrathin growth. A comprehensive
description of the process development can be found in prior
work.83% Briefly, a 248 nm KrF pulsed UV laser enters a
nitrogen filled vacuum chamber through a focusing lens and
strikes a rotating boron nitride target, as seen in a schematic

Table 1. Comparison of electronic properties of thin film a-BN, CVD deposited h-BN, single crystal h-BN, and thermally grown SiO,.

Property Thin film (>600 nm) a-BN CVD h-BN? Single crystal h-BN Thermal SiO, Ultrathin a-BN (this work)
Density 2.28 - 2.0-2.28P2 2.2788 -

Dielectric constant =3.5014 3+1.01% 6.85632] 3.98 5.9+0.7
Dielectric strength (MV cm™) 2.2-5.00314 2-3.8B334 7.9-12 (exfoliated) B3>l 9+ 1.087] 9.8+1.0
Bandgap (eV) 3.8-5.050134 5,920 5.2-5.9151 ~9t8 45

Direct growth synthesis Typically 200-600 °C,

By-product of desired

CVD at >900 °C, refractory

temperature and metal foils and some

compatibility ¢-BN synthesis insulators

Exfoliation required to ~ Thermal decomposition

of silicon at >700 °C

<200 °C, wide range

create ultra-thin layers of substrates

AMeasured dielectric constant and strength of CVD h-BN of thickness =15-19 nm.

Adv. Funct. Mater. 2016, 26, 26402647
2

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Distribution A. Approved for public release (PA): distribution unlimited.

wileyonlinelibrary.com 2641

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

2642 wileyonlinelibrary.com

BN Target

20 nm
E—

Scalable

Universally applicable

Low temperature growth

Figure 1. a) Schematic representation of the pulsed laser deposition
setup, b) a-BN grown on a 3 in. SiO,/Si wafer and cross-sectional TEM
of a-BN on Al,O; showing large area uniformity, c) ultrathin a-BN applied
to diverse substrates, including (1. Kapton, 2. PDMS, 3. Willow glass,
4. PET, 5. Carbon cloth, 6. SiO,/Si, 7. Al,O3, 8. Copper foil, 9. HOPG,
10. SiC, 11. Patterned SiO,, 12. E-beam evaporated chromium, 13. Nickel foil,
14. Magnetron sputtered tungsten), and d) device construct with directly
grown a-BN and PVD MoS, on flexible PET substrate with magnetron
sputtered tungsten contacts.

in Figure la. The nonequilibrium, localized heating of the
target surface with the laser beam rapidly vaporizes boron
and nitrogen species and in so doing, a high energy plasma is
formed. Previously performed spectroscopic studies?®” indicate
that the plasma flux extending from the target is composed
of ionized boron (B*), ionized nitrogen (N*), neutral excited
nitrogen (N*), and a relatively smaller presence of molecular
species including N,, N,*, and BN. The concentrations and
time dependent peak occurrences are controlled by laser
power density, background gas pressure and the separation,
or “working”, distance from target to substrate. A combination
of the latter two parameters defines the collisional decelera-
tion of the plasma species ablated from the BN target, altering
the species’ energies and timescales of interactions within the
plasma Dbefore their arrival to the condensation surface. Ele-
ment specific plasma composition mapping as a function of
both distance from the target and time after the laser pulse was
used to identify that the predominant mechanism for formation
of stoichiometric BN is the surface recombination of ionized
B* and excited N* species generated at the laser ablated target
surface. These particular species reach the substrate location

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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before other species at 1-2 ps after the laser pulse, and their
concentration was maximized for the background gas pressure
of 50 mTorr and a working distance of 3 cm used in the cur-
rent study. Subsequently arriving species, such as molecular
N," and atomic N* ions that are formed due to the background
gas decomposition and ionization do not play a significant
role in the formation of BN films. The arrival times, concen-
trations, plasma reactions, and surface growth uniformity are
further tuned by optimization of laser power density and other
processing parameters, including substrate rotation and beam
scanning to facilitate a large area growth.[3®3% Benefits of this
optimized PLD approach include the inherent ability to com-
mercialize PLD processes to large areas,***ll (Figure 1b shows
a-BN grown on a Si/SiO, wafer with a cross-section from a simi-
lar wafer), stoichiometric a-BN growth at significantly reduced
temperatures from room temperature to 200 °C on a diverse
range of substrates (Figure 1c), and all without modifying the
required deposition conditions.

Figure 2 displays eight cross sectional transmission electron
microscopy (TEM) images of the ultrathin a-BN films grown on
metals (W, Cu foil), insulators (SiO,, Al,O3), other 2D materials
(MoS, and graphene), and polymer substrates (polyethylene
terephthalate (PET) and polydimethylsiloxane (PDMS)). All
films were synthesized at <200 °C without changing any of the
a-BN deposition parameters (e.g., nitrogen pressure, working
distance, laser power, etc. were kept the same), highlighting
the versatility and ease of the deposition technique for growth
on electrical conductors, insulators, and semiconductors.
The presented BN films represented are of thicknesses from
1-5 nm, which is controlled with at least 0.5 nm precision
by the number of laser pulses impacting the target material.
Under such process control, a-BN with uniform thickness over
areas as large as 3 in. can be feasibly synthesized (Figure 1c), as
PLD has been shown to enable scale-up with processes such as
laser beam rastering!*? and other advanced techniques.*!l Addi-
tionally, the wafer-scale, direct synthesis approach eliminates
limitations associated with alternative transfer processes (via
introduction of structural or chemical defects) or high substrate
temperature requirements for BN growth in 2D device produc-
tion. Amorphous BN films were found to be equally uniform
and conformal at thicknesses greater than approximately 2 nm
on a local scale, and 6 nm on a device-level scale on tested sub-
strates of 1”7 in diameter, with no evidence of cross thickness
defects (e.g., pinholes or domain boundaries), as confirmed
by large area atomic force microscopy (AFM) scans, dielec-
tric measurements at multiple sample locations, and random
probing with cross-sectional TEM studies. The amorphous
nature of the films is confirmed by Raman, X-ray photoelectron
spectroscopy (XPS), and TEM studies, as no evidence of any
hexagonal or cubic crystallographic signatures are revealed.

The density and composition of ultrathin a-BN films are
expected to dictate their insulating properties, as there are no
domain boundaries or other well-defined structural features (as
shown in Figure 1b). The B:N ratio directly influences dielec-
tric behavior, as nitrogen deficiencies promote metallic B—B
bonding that can open conductive pathways or mid-gap states
in the band structure of the ultrathin films. High-resolution
XPS data seen in Figure 3 (collected ex situ) indicates excellent
stoichiometry and homogeneous bonding chemistry within

Adv. Funct. Mater. 2016, 26, 2640-2647
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Tungsten (W)

Insulators

2D Materials

Graphene on Copper foil

MoS, on Al,O;

Flexible Materials

-

PET polymer

PDMS polymer

Figure 2. Cross-sectional TEM imaging of amorphous boron nitride growth from room temperature to 200 °C on metal, insulating, 2D material,
and flexible substrates (with gold cap layers on top of BN), dotted lines are to aid the reader in identifying a-BN material location. Larger area cross-

sectional TEMs can be seen in Figure S1 in the Supporting Information.

<5 nm a-BN films grown on four substrates having diverse
electronic properties and surface energies (from 19.8 m] m™2
for PDMS to >60 m] m™ for tungsten). Single-component
B 15 (190.6 eV) and N Is (398.2 eV) photoelectron peaks indi-
cate B—N bonding, independent of the substrate material. In all

B 71s Region N 71s Region
—_— W
e 2D MoS,
> —A|20:1
= —
5 PDMS
c
Q
Qo
£
°©
(9}
N
©
£
—
o
z
Mow2
T T T TTT1T 77 I T T T T
v o © 9o v 9 9 ©v o v 9 B9
N~ (o} N o N~ [(o} [Te] N o N~ T3 N
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Binding Energy (eV) Binding Energy (eV)

Figure 3. XPS B Ts and N Ts regions of <5 nm a-BN films grown at

<200 °C on four representative substrates including magnetron sputtered
tungsten (W), 2D PVD MoS,, Al,O3, and PDMS.

Adv. Funct. Mater. 2016, 26, 26402647
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cases, the a-BN films are nearly stoichiometric with no evidence
of metallic B—B bonding (B 1s = 187 eV[*?) or bonding with
the substrate material. We attribute the absence of film-
substrate bonds to plasma processing conditions that generate
abundant N atoms and ions at the surface and promote
nitrogen integration at the film interface.l*’

Homogeneous nucleation and coalescence of ultrathin a-BN
are driven primarily by the inert nature and resulting low sur-
face energy as compared to the substrate materials, facilitating
continuous film formation by the reduction of the condensation
surface energy during the film growth. Indicated in Figure 3,
the films are stoichiometric on each of the examined substrates
as the B:N ratio is near 1:1 and found to be uniform over large
areas, confirmed by random sampling of XPS data collec-
tion. While uniform growth occurs on all substrates shown in
Figure 1c, the initial nucleation stage and deposition rate are, as
expected, highly dependent upon the substrate surface energy.
Surfaces with a higher surface energy (such as metals) were
found to delay the continuous a-BN film formation. However
after a critical thickness >1-2 nm films on all substrates are
continuous and the growth rate is subsequently linear.

The initial growth mechanism proposed for a-BN films is two-
stage, evidenced by two independent studies employing 2D MoS,
produced by physical vapor deposition*3! and tungsten sub-
strates. PVD-grown MoS, was covered with a-BN films, where
film thickness was controlled by varying the number of laser
pulses. Ex situ XPS studies reveal significant oxidation of the
few-layer MoS, for a-BN overlayers of less than 1 nm thickness

wileyonlinelibrary.com
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(achieved with under 20 laser pulses on the BN target). Once
the a-BN films reached 1 nm or thicker (TEM of a-BN on MoS,
from Figure 2 is at 20 pulses), the MoS, oxidation rate dropped
substantially (40% oxidized noncovered versus no apparent oxi-
dation with 1 nm a-BN, after 1 week ambient), indicating the
minimum number of pulses to reach full coverage of underlying
layers is achieved on a large probing area. The proposed initial
island nucleation mechanism is also confirmed by localized cur-
rent—voltage (IV) curves, shown in Figure 4a, performed using
through-thickness C-AFM of 4-BN on magnetron sputtered
tungsten and a measuring technique similar to Lee et al.’®] The
initial growth stage films (produced at <20 pulses) demonstrate
small pinholes within the ultrathin layer, evidenced by areas
of high conduction seen in Figure 4b. The similarity of the IV
curves for the 2-20 pulse growth samples indicate that there is
not much change in thickness, as small gaps and pinholes are
preferentially filled during the initial growth stage. Once full sur-
face coverage of a-BN is achieved (>20 pulses or 1.67 nm), the
breakdown potential dramatically increases (Figure 4a), and the
film is found to be cohesive, with no evidence of pinholes pre-
sent on a microscopic area, as indicated in Figure 4c. Beyond this
initial nucleation and coalescence stage, the a-BN growth enters

s
Mt oS
www.MaterialsViews.com

uniform growth mode, where subsequent laser pulses result in
increased thicknesses and corresponding film breakdown volt-
ages as the deposition rate becomes linearly dependent on the
number of laser pulses. Topographical AFM scans of 4-BN on
Al,O; can be seen in Figure S2, Supporting Information, where
the locations of these scans were taken in five locations spaced
5 mm apart on a 30 mm sample surface.

Beginning at the point of coalescence, the measurement of
dielectric breakdown strength for films over a range of thick-
nesses was completed with the C-AFM technique using the
linear breakdown method when the current reaches 1 nA.[*4
The breakdown is characterized by a sharp increase in current
as the electronic behavior enters a regime commonly analyzed
using Fowler—Nordheim tunneling theory. The dielectric break-
down strength measured from C-AFM curves at the nearly fully
formed samples (<20 pulses) is near 5 MV cm™!, and an increase
in the dielectric breakdown to 9.8 £ 1.0 MV cm™ is observed in
the fully coalesced 2.2 and 3.1 nm samples (corresponding to
30 and 50 laser pulses, respectively). This value is substantially
higher than the breakdown voltage measured in thicker (20 nm)
CVD h-BN films and approaching the values for that of mechan-
ical exfoliated, single crystal h-BN flakes of similar thicknesses.

While C-AFM studies can provide insights
into initial growth mechanisms as well as

a) 50 Initial growth ..

2 pulses 1
. 4 pulses
-4 zone, typically Y ) (;’pulses <1.7nm 1
<2nm Q 20 pulses
~~ 40 . ‘ 30 pulses (2.2 nm)
} 50 pulses (3.1 nm)
@ 100 pulses (6.0 nm)

>

Coalescence

Voltage (V)

1600nA ()

3

Srhie. '.,' :
"a-BN growth at initii'stages

a-BN at critical thickness

oy

intrinsic material properties, pulsed laser
deposited a-BN is uniform and cohesive over
much larger areas on all tested substrates and
amenable to wafer-scale testing. To demon-
strate the large area applicability and device
production applicability, a simple back-gated
device was fabricated using a-BN as the
active resistor material, a tungsten bottom
electrode, and Ti/Au contacts, as shown
in the schematic of Figure 5a. Fabrication
of these devices was conducted in a single
chamber and not in a cleanroom facility,
highlighting all-PVD direct growth advan-
tage with no transfer/lift off or lithography
required to avoid introduction of contamina-
tion or other defects. Top contacts of Ti/Au

pads were deposited using a TEM mesh,
) where the contact pads were 40 pm X 40 pum,
as shown in Figure 5a. A cross-sectional view
of the 6.0 nm thick 4-BN integrated into the
device appears in Figure 5b and a 16.5 nm
a-BN in Figure S1 in the Supporting Informa-
tion. The resistivity measurements in devices
with thinner a-BN samples were insulating,
but less so than the reported resistivities for
various phases of BN (10'3-10" ohm - cm)*’!
as pathways through ultrathin insulators at
areas of 1600 pm? are predominantly caused
by extrinsic effects such as dust particles
and substrate topography imperfections that
induce microscopic leakage pathways. The

[1600 nA

Figure 4. a) C-AFM I-V curves of a-BN on tungsten and corresponding number of laser pulses,
b) C-AFM image and schematic of initial growth stages at 2 pulses, and ¢) C-AFM image and
schematic of cohesive a-BN film at critical thickness of 20 pulses; scan sizes are 10 ym x 10 pm.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

performance is believed to be amenable to
improvement by additional cleaning pro-
cedures, as well as processing in a clean-
room facility. Beyond this critical thickness,
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Figure 5. a) Electrical resistance measurements of continuous a-BN films on metallic tungsten at different thicknesses using 40 ym x 40 pm Ti/Au
contacts seen in the inset, b) cross-sectional image of the 6 nm a-BN device, c) dielectric constant measurements for 6 nm and 16.5 nm films,
and d) MoS, Raman signature of as-deposited (black) and laser annealed (blue) in BN/MoS,/BN heterostructured stack.

average resistivity values of 7.22 x 10'! ohm-cm at 6 nm thick-
ness (100 laser pulses) and 2.98 x 10'?2 ohm-cm at 16.5 nm (200
laser pulses) were measured, which is near an expected value
for a bulk BN film.*]

In addition to resistivity, the same device was used for dielectric
constant measurements of the 6 and 16.5 nm samples (Figure 5c).
A dielectric constant of 3 + 1.0 has been reported in a poly-
crystalline CVD film of 15-19 nm thickness,?3! as leakage path-
ways at the grain boundaries can lead to charge dissipation within
the material. In highly dense 6 and 16.5 nm a-BN films grown
at 200 °C the measured dielectric constants were 5.2 and 6.5 at
1 kHz, respectively, with an average of 5.9, which approaches the
dielectric constant of pure, single crystal h-BN. An increase in die-
lectric constant can be attributed to higher resistivity of the film,
approaching a bulk value, where the electrical properties are not
as influenced by surface defects and other contaminant species.
Device-scale dielectric breakdown measurements indicate an Epp
value of 9.1 MV cm™ for the 2.2 nm sample, as presented in the
Weibull distribution in Figure S3 in the Supporting Information,
which is consistent with the constant current C-AFM measure-
ments of breakdown strength. Subsequent testing on the thicker
W/a-BN/metal contact devices were inconclusive, as the metal
contacts failed consistently near 8 V by delamination before
breakdown of the a-BN material occurred.

Finally, optical bandgap measurements were performed on
an 8 nm a-BN film grown on Al,O3 (0001), and resulted in a
measured absorption bandgap of 4.5 eV, as seen in Figure S4
in the Supporting Information. A bandgap of 4.5 eV is well
within the reported values for thin film amorphous boron
nitride of 3.8-5.05 eV, as compared in Table 1. The bandgap
measured here for ultrathin a-BN is slightly below that of
the hexagonal phase of boron nitride, as both the bulk single
crystal and polycrystalline h-BN produced by CVD exhibit
a bandgap of 5.2-5.9 eV. Efforts to model and understand
electronic properties of h-BN have been well explored;“®+7]
however, a comparable model for a-BN has yet to be fully
developed. A reduction in band gap has been observed in
other crystalline-to-amorphous phase transitions, as the amor-
phous phase results in both a reduction in coordination of
the bonding species, as well as random orientation of atomic
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orbitals.[*8] The values for dielectric constant, dielectric break-
down strength, and bandgap of the a-BN material in this work
are listed in Table 1, as presented earlier, along with a compar-
ison to other state-of-the-art ultrathin BN dielectrics and ther-
mally grown SiO, thin films. These values reported are higher
than those of previously measured a-BN thicker films and are
believed to be due to the defect-free, large area, atomic-scale
roughness and stoichiometry tuned precisely to applications
in nanoelectronic systems.

As discussed, significant advantages of the laser deposited
a-BN films over traditional ultrathin or 2D dielectrics includes
large area nucleation and coalescence on diverse substrates at
low temperatures (<200 °C). To demonstrate these advantages,
in addition to retention of optical transparency of heterode-
vices on a polymer substrate, an a-BN/amorphous MoS,/a-BN
heterostructure was synthesized on PDMS with low temperature
PVD methods. The MoS, was grown via PVDI?l at a thickness
of 10 nm, however, at much lower temperatures than described
in the previous work, the resulting MoS, film was amorphous
and insulating. Recent studies have proven successful in the
laser annealing and crystallization of such amorphous MoS,
layers by photonic curing on a flexible PDMS substrate.[*” In
the study presented here, a 514 nm laser was used to crystal-
lize the amorphous MoS, into the 2H phase through the trans-
parent a-BN film of approximately 2 nm, evidenced by the E2g
and Alg characteristic peaks of MoS, in Figure 5 d and no
observable damage to the dielectric aB-N film. This capability
is an important advantage in low-temperature processing of 2D
materials, as the crystallization of MoS, sandwiched between
low-temperature grown a-BN layers will significantly hinder
oxidation of the environmentally sensitive MoS,, and allow for
direct-write manufacturing of MoS, transistors on flexible sub-
strates with well-defined gate dielectrics and without degrada-
tion from exposure to the ambient environment.

3. Conclusion

The new low-temperature processing route towards ultrathin
and continuous a-BN described in this work represents a
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significant breakthrough in dielectric processing necessary for
next-generation 2D material heterostructure systems. The a-BN
ultrathin dielectric material deposited at 200 °C is universal
in structure and chemistry on numerous substrates including
flexible PDMS, traditional insulating electronic substrates such
as SiO, and Al,O;, other 2D materials including graphene,
2D MoS,, and conducting metals. A dielectric constant of
5.9 0.7 at 1 kHz and breakdown voltage of 9.8 £ 1.0 MV cm™!
were measured for a-BN films, representing values higher
than previously reported for CVD h-BN and close to that of
single crystal h-BN, as shown in Table 1. The electronic prop-
erties of ultrathin continuous a-BN produced by PLD, coupled
with the versatility in materials processing and adaptability,
the optical transparency, as well as the large-area and uniform
coverage at low temperatures, make integration of a-BN into
2D nanoelectronic systems and devices a very exciting and
appealing possibility.

4. Experimental Section

Growth: Growth of amorphous boron nitride films were performed in
an ultrahigh vacuum chamber from a 248 nm KrF laser at 1 Hz repetition
rate, a laser power of 900 m) pulse™, and spot size of 2.66 mm x 1.5 mm,
corresponding to a laser energy of 22.5 | cm™2. Depositions were performed
at a working distance of 3 cm with an amorphous boron nitride target and
the chamber was filled with 99.9999% N, gas at a pressure of 50 mTorr.

Tungsten films for bottom electrodes were grown in the same
chamber with DC magnetron sputtering at a power of 40 W applied to
the target, 2.5 mTorr of argon background pressure and an argon flow
rate at 30 sccm on an SiO,/Si wafer. Titanium/gold contacts were grown
in a similar manner, with 40 W applied to the titanium and gold targets
sequentially, and an argon pressure of 15 mTorr.

Chemical and Structural Analysis: X-ray photoelectron spectroscopy
(XPS) was carried out using a Kratos AXIS Ultra spectrometer with a
monochromatic Al Ko X-ray source (1486.6 eV) operated at 120 W
(12 kV, 10 mA) and at approximately 4 x 10~ Torr. Survey scans were
collected over the binding energy range of —5 to 1200 eV, in 1 eV steps,
using a dwell time of 400 ms and analyzer pass energy of 160 eV. High
resolution spectra of the B Ts and N Ts regions were acquired using an
energy step size of 0.1 eV, a dwell time of 500 ms, and analyzer pass
energy of 20 eV. XPS spectra were analyzed using the CasaXPS software.
Peak areas were determined using a Shirley background subtraction. The
binding energy was calibrated to Al 2p at 74.5 eV where sapphire was
present and to Si 2p at 102.4 eV where PDMS was present.

The cross-sectional TEM of BN thin films was performed using a FEI
Nova focused ion beam (FIB) microscope equipped with an Omniprobe
manipulator for lift out. Samples were studied in a FEI Titan 80-300 S/
TEM operating at 300 kV, which was equipped with a Cs corrector for
high-resolution imaging. In addition, cross-sectional microscopy was
used in measuring film thickness, and the scatter in the measurements
is reflected in Table 1.

Device Characterization: Resistivities were measured using a Keithley
4200 analyzer with a thin gold filament to make contact onto a
40 pm X 40 pm gold top electrode to facilitate the measurement. Dielectric
permittivity characterizations were performed using a Novocontrol Alpha
Analyzer. Scans were conducted at discrete frequencies, swept over the
range of 10 Hz-1 MHz, at an AC driving voltage of 100 mV.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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